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Introduction {#phy213902-sec-0001}
============

Nonalcoholic steatohepatitis (NASH) is an important component of the metabolic syndrome (Browning and Horton [2004](#phy213902-bib-0004){ref-type="ref"}). The innate immune system plays a key role in the development of NASH (Maher et al. [2008](#phy213902-bib-0018){ref-type="ref"}). Kupffer cells are resident macrophages in the liver and they produce various pro‐inflammatory cytokines and reactive oxygen species, which enhance hepatic inflammation and fibrosis (Rivera et al. [2008](#phy213902-bib-0021){ref-type="ref"}). CD36, which is a scavenger receptor, plays an important role of the NASH development (He et al. [2011](#phy213902-bib-0008){ref-type="ref"}). Hepatic resident macrophages express CD36, and take up oxidized low‐density lipoprotein (oxLDL), which contributes to accumulation of fat in the liver (Kunjathoor et al. [2002](#phy213902-bib-0017){ref-type="ref"}; Moore and Freeman [2006](#phy213902-bib-0019){ref-type="ref"}). Moreover, CD36 recognizes fatty acids such as palmitate and oleic acid, which activate intracellular signaling pathways that induce pro‐inflammatory cytokines and reactive oxygen species (Rahaman et al. [2006](#phy213902-bib-0020){ref-type="ref"}). Interestingly, CD36 knockout mice show lower hepatic fibrosis, and inflammation (Bieghs et al. [2010](#phy213902-bib-0002){ref-type="ref"}; Kennedy et al. [2011](#phy213902-bib-0014){ref-type="ref"}). These evidences indicate that CD36 signaling mediates NASH development via activation of inflammatory response.

Although feeding of high‐fat diet increased the expression of peroxisome proliferator‐activated receptor (PPAR)‐γ and nuclear factor erythroid‐2 related factor (Nrf)‐2 in the liver (Inoue et al. [2005](#phy213902-bib-0010){ref-type="ref"}; Huang et al. [2010](#phy213902-bib-0009){ref-type="ref"}), these transcription factors induce fatty liver disease *via* up‐regulation of CD36 expression. Interestingly, previous studies reported that PPAR‐γ and Nrf‐2 promote up‐regulation of CD36 expression in macrophages (Tontonoz et al. [1998](#phy213902-bib-0022){ref-type="ref"}; Ishii et al. [2004](#phy213902-bib-0011){ref-type="ref"}). Therefore, obesity‐induced up‐regulation of PPAR‐γ and Nrf‐2 might be an important factor for increasing CD36 expression in hepatic resident macrophages.

Exercise training is considered a crucial event leading to reduced inflammation in the liver and adipose tissue (Gleeson et al. [2011](#phy213902-bib-0007){ref-type="ref"}). We have shown that exercise training attenuates hepatic inflammation and fibrosis in obese mice on high‐fat, high‐fructose water diet (Kawanishi et al. [2012](#phy213902-bib-0013){ref-type="ref"}). Accordingly, it is possible that exercise training attenuates hepatic inflammation and fibrosis in liver tissue by suppressing CD36 expression in diet‐induced NASH model mice.

The purpose of the present study was to determine the effects of exercise training on CD36 expression in NASH model mice. Our hypothesis was that exercise training suppresses CD36 expression on hepatic macrophages by suppressing PPAR‐γ and Nrf‐2.

Materials and Methods {#phy213902-sec-0002}
=====================

Animals and diets {#phy213902-sec-0003}
-----------------

Four‐week‐old male C57BL/6 mice were purchased from Kiwa Laboratory Animals (Wakayama, Japan). The experimental procedures followed the Guiding Principles for the Care and Use of Animals of the Waseda University Institutional Animal Care and Use Committee. The mice were randomly divided into four groups: normal diet (ND) and sedentary (*n* = 7), ND with exercise training (*n* = 5), high‐fat, high‐fructose water diet (HFF) and sedentary (*n* = 11), and HFF with exercise training (*n* = 11) groups. Mice of HFF group were fed a high‐fat diet (D12492; Research Diets, New Brunswick, NJ) and high‐fructose water contained 21% (wt/V) fructose (Sigma, St. Louis, MO). The high‐fat diet was composed of 60% fat, 20% protein, and 20% carbohydrate (of total calories). Mice of ND group were fed a standard normal diet. Normal diet was composed of 10% fat, 20% protein, and 70% carbohydrate (D12450B; Research Diets, New Brunswick, NJ) and fructose‐free water.

Exercise training was initiated when the mice were four weeks of age and continued for sixteen weeks. Mice were placed on a motorized treadmill for 60 min (during the light phase)/day, 5 days/week. The exercise speed was set at 15--20 m/min. Mice in the exercise group were not subjected to electric shock during treadmill running. The sedentary and exercise‐trained mice were dissected 3 days after the final training session under light anesthesia with isoflurane (Abbott, Tokyo, Japan). The livers were quickly removed, weighed, frozen in liquid nitrogen, and stored at −80°C until analysis. All mice were sacrificed by cervical dislocation under anesthesia.

Real‐time quantitative polymerase chain reactions (PCR) {#phy213902-sec-0004}
-------------------------------------------------------

Total RNA was extracted from the liver using RNeasy Mini Kit (Qiagen, Valencia, CA). Total mRNA was reverse transcribed to cDNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Total RNA was reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). PCR was performed using the Fast 7500 real‐time PCR system (Applied Biosystems) and SYBR^®^ Green PCR Master Mix (Applied Biosystems). The conditions of reactions were as follows: initial 10 min denaturation step at 95°C, followed by 40 cycles of 95°C for 3 sec and at 60°C for 15 sec. Glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. The sequences of the primers are shown in Table [1](#phy213902-tbl-0001){ref-type="table"}.

###### 

Primer sequences for real‐time RT‐PCR analysis

  Gene    Forward                   Reverse
  ------- ------------------------- ----------------------------
  GAPDH   TGAAGCAGGCATCTGAGGG       CGAAGGTGGAAGAGTGGGAG
  CD36    CCGGGCCAACGTAGAAAACA      CCTCCAAACACAGCCAGGAC
  PPARγ   CAAGAATACCAAAGTGCGATCAA   GAGCAGGGTCTTTTCAGAATAATAAG
  Nrf2    CTCGCTGGAAAAAGAAGTGG      CCGTCCAGGAGTTCAGAGAG

John Wiley & Sons, Ltd

Western blot {#phy213902-sec-0005}
------------

Liver was homogenized (Polytron) in ice‐cold T‐PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific) supplemented with Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Homogenates were centrifuged at 12,000*g* for 15 min, and the supernatant removed. Protein concentrations of the liver lysates were subsequently determined using BCA Protein Assay Kit (Thermo Fisher Scientific). Liver lysates were solubilized in Laemmeli sample buffer (BioRad) and heated at 60°C for 30 min. Samples (30 μg protein) were subjected to 10% SDS‐polyacrylamide gel electrophoresis, and transferred to a PVDF membrane, blocked with PVDF Blocking Reagent (TOYOBO, Tokyo, Japan), and incubated with the primary antibody \[1:2000 PPARγ (Cell Signaling Technology: CST), 1:2000 NRF2 (CST), and 1:2000 β‐actin (CST)\], and finally with horseradish peroxide (HRP)‐linked secondary antibody \[1:5000 dilution for anti‐rabbit IgG (CST)\]. β‐actin was used as an internal control. Blotted samples were analyzed using ECL Advance Western Blotting Detection Kit (GE Healthcare Japan, Tokyo, Japan), and quantified by densitometry.

Isolation of hepatic mononuclear cells and flow cytometry analysis {#phy213902-sec-0006}
------------------------------------------------------------------

After removal of blood from liver, the liver was minced with scissors. Hanks' Balanced Salt Solution (HBSS) containing 0.05% collagenase type 4 (Worthington, Lakewood, NJ) was added to the pieces of liver tissue. The mixture was shaken for 20 min at 37°C, and the digested tissue was centrifuged. The resultant pellet was filtered through a 70‐μm stainless steel mesh, and the digested tissue was centrifuged. The resultant pellet containing was suspended in 12 ml 33% Percoll (Sigma) solution, and a 15 min centrifugation step at 500*g* was performed. The resultant pellet containing the mononuclear cells was suspended in 5 mL Red Blood Cell Lysing buffer (Sigma) and filtered through a 40‐μm nylon mesh. The cells were washed twice with Stain Buffer (BD Pharmingen, Franklin Lakes, NJ), and the mononuclear cells were resuspended in Stain Buffer. The mononuclear cells (2.5 × 10^5^ cells) were incubated with Fc‐blocker (anti‐CD16/CD32) for 20 min followed by staining with PE‐Cy7‐CD11b (eBioscience, San Diego, CA), PE‐Cy5‐F4/80, PE CD36 for 20 min. Flow cytometry was performed using a Guava^®^ EasyCyte^TM^ 6HT and InCyte software (Millipore, Long Beach, CA). We validated flow cytometric identification of macrophages (CD11b^+^ F4/80^+^) and CD36 expression in macrophages. Hepatic resident mononuclear cells were gated according to side scatter and forward scatter plots. Hepatic resident macrophage populations were gated according to CD11b^+^ and F4/80^+^ on the side scatter and forward scatter plot. Geometric mean florescence intensity of the CD36 in macrophages (CD11b^+^ F4/80^+^) gated population was obtained to quantify cell surface expression on macrophages.

Statistical analyses {#phy213902-sec-0007}
--------------------

All values are expressed as means ± SEM. Statistical analyses were performed using SPSS V17.0. For the comparison of all groups, a two‐way analysis of variance (ANOVA) was performed with diet (ND or HFF) and exercise (control or exercise training). If significant interactions were observed in any of these analyses, and comparisons with the Bonferroni correlated post hoc test were performed. The alpha level was set at *P* \< 0.05.

Results {#phy213902-sec-0008}
=======

At the CD36 mRNA level, we found a significant diet x exercise interaction (*F* ~1,30~ = 63.27, *P* \< 0.01). However, we also found elevated CD36 mRNA in the HFF sedentary mice than in ND sedentary mice (*P* \< 0.01), whereas the CD36 mRNA expression in HFF exercise mice was lower than in the HFF sedentary mice (*P* \< 0.01, Fig. [1](#phy213902-fig-0001){ref-type="fig"}A). The changes by diet and exercise training in surface expression of CD36 in macrophages are shown in Figure [1](#phy213902-fig-0001){ref-type="fig"}B and C. Similar to CD36 mRNA expression in the liver, we also found a significant diet x exercise interaction with respect to CD36 expression by hepatic resident macrophages (*F* ~1,28~ = 4.18, *P* \< 0.05). *Post hoc* comparisons revealed that CD36 expression of hepatic resident macrophages was significantly higher in the HFF sedentary mice compared to the ND sedentary mice (*P* \< 0.05), but this expression was significantly lower in HFF exercise mice than in HFF sedentary mice (*P* \< 0.01, Fig. [1](#phy213902-fig-0001){ref-type="fig"}C).

![Effect of exercise training on CD36 expression in normal diet (ND)‐ and high‐fat and high‐fructose water (HFF)‐fed mice. CD36 mRNA expression in the liver (A). Flow cytometric histograms represent levels of CD36 (B) and geometric mean fluorescence intensity (MFI) expression (C) in hepatic macrophages (F4/80^+^ cells). Values represent means ± SEM. Analyses were performed using two‐way ANOVA for multiple comparisons (boxed text). \*\**P *\<* *0.01, \**P *\<* *0.05.](PHY2-6-e13902-g001){#phy213902-fig-0001}

PPAR‐γ and Nrf‐2 are thought to play a crucial role in up‐regulation of CD36. PPAR‐γ mRNA levels in the liver varied as a significant diet x exercise interaction (*F* ~1,30~ = 40.16, *P* \< 0.01). *Post hoc* comparisons revealed that the PPAR‐γ mRNA level was significantly higher in HFF sedentary mice compared with ND sedentary mice (*P* \< 0.01). However, PPAR‐γ mRNA level in HFF exercise mice was significantly lower than in HFF sedentary mice (*P* \< 0.01, Fig. [2](#phy213902-fig-0002){ref-type="fig"}A). In contrast, Nrf‐2 mRNA level in the liver was significantly affected by diet (*F* ~1,30~ = 15.25, *P* \< 0.01), but a diet x exercise interaction was not observed (Fig. [2](#phy213902-fig-0002){ref-type="fig"}B). The changes in PPAR‐γ and Nrf‐2 protein expression levels are shown in Figure [2](#phy213902-fig-0002){ref-type="fig"}C and D. PPAR‐γ1 protein levels in the liver varied as a significant diet x exercise interaction (*F* ~1,24~ = 5.908, *P* \< 0.01). Similar to PPAR‐γ mRNA level, *post hoc* comparisons revealed that the PPAR‐γ1 protein level was significantly higher in HFF sedentary mice compared with ND sedentary mice (*P* \< 0.01), but this level in HFF exercise mice was significantly lower than in HFF sedentary mice (*P* \< 0.01, Fig. [2](#phy213902-fig-0002){ref-type="fig"}C). Although the PPAR‐γ2 protein level varied according to diet (*F* ~1,24~ = 33.7, *P* \< 0.01) and exercise (*F* ~1,24~ = 11.2, *P* \< 0.01), the interaction was not significantly different (Fig. [2](#phy213902-fig-0002){ref-type="fig"}C). In contrast, diet and/or exercise did not affect Nrf‐2 protein level (Fig. [2](#phy213902-fig-0002){ref-type="fig"}D).

![Effect of exercise training on PPAR‐γ and Nrf‐2 expression in ND‐ and HFF‐fed mice. PPAR‐γ (Α) and Nrf‐2 (B) mRNA expression in the liver. PPAR‐γ (C) and Nrf‐2 (D) protein expression in the liver. Values represent means ± SEM. Analyses were performed using two‐way ANOVA for multiple comparisons (boxed text). NS; not significant, \*\**P *\<* *0.01, \**P *\<* *0.05.](PHY2-6-e13902-g002){#phy213902-fig-0002}

To determine the presence of macrophage in liver, we analyzed the percentage of hepatic resident macrophages (CD11b^+^ F4/80^+^ cells) in mononuclear cells and F4/80 mRNA expression in the liver. We found a significant diet x exercise interaction for population of CD11b^+^ F4/80^+^ cells (*F* ~1,28~ = 4.38, *P* \< 0.05). *Post hoc* comparisons revealed that this population of CD11b^+^ F4/80^+^ cells was significantly higher in the HFF sedentary mice than in the ND sedentary mice (*P* \< 0.01), but this population was significantly lower in HFF exercise mice than in HFF sedentary mice (*P* \< 0.05, Fig. [3](#phy213902-fig-0003){ref-type="fig"}A). We also observed a significant diet x exercise interaction for F4/80 mRNA level in the liver (*F* ~1,30~ = 7.29, *P* \< 0.05). *Post hoc* comparisons revealed that compared with ND sedentary mice, HFF sedentary mice had increased F4/80 mRNA levels in the liver (*P* \< 0.05). However, this mRNA was decreased in HFF exercise mice compared with HFF sedentary mice (*P* \< 0.01, Fig. [3](#phy213902-fig-0003){ref-type="fig"}B).

![Effect of exercise training on hepatic macrophage infiltration in ND‐ and HFF‐fed mice. Populations of CD11b^+^ and F4/80^+^ cells in hepatic mononuclear cells were determined using flow cytometry (A). F4/80 mRNA expression in the liver (B). Values represent means ± SEM. Analyses were performed using two‐way ANOVA for multiple comparisons (boxed text). NS; not significant, \*\**P *\<* *0.01, \**P *\<* *0.05.](PHY2-6-e13902-g003){#phy213902-fig-0003}

Discussion {#phy213902-sec-0009}
==========

Scavenger receptor CD36 may play a role in the pathogenesis of NASH by modulating hepatic resident macrophages. CD36 recognizes fatty acids such as palmitate and oleic acid, which activate intracellular signaling pathways that induce pro‐inflammatory cytokines (Rahaman et al. [2006](#phy213902-bib-0020){ref-type="ref"}). Expression of CD36 is also elevated in the liver of high‐fat diet‐induced obese mice (Koonen et al. [2007](#phy213902-bib-0016){ref-type="ref"}). Interestingly, CD36 knockout mice showed both lower hepatic inflammation and fibrosis than wild‐type mice (Bieghs et al. [2010](#phy213902-bib-0002){ref-type="ref"}; Kennedy et al. [2011](#phy213902-bib-0014){ref-type="ref"}). A recent study showed that specific deletion of CD36 in bone marrow cells reduced hepatic inflammation and injury in high‐fat and high‐cholesterol diet‐fed mice (Bieghs et al. [2012](#phy213902-bib-0003){ref-type="ref"}). Therefore, scavenger receptor CD36 in macrophages may contribute to the development of hepatic inflammation and injury.

Although we have shown that exercise training attenuates hepatic inflammation and fibrosis in diet‐induced obese mice (Kawanishi et al. [2012](#phy213902-bib-0013){ref-type="ref"}), it remains unclear whether exercise training attenuates CD36 expression in the liver. CD36 is expressed strongly on the surface of monocytes taken from obese patients (Cipolletta et al. [2005](#phy213902-bib-0006){ref-type="ref"}). Butcher et al. ([2008](#phy213902-bib-0005){ref-type="ref"}) reported that exercise training decreased CD36 and PPAR‐γ mRNA expression in leukocytes of healthy humans. In this study, we observed that exercise training decreased CD36 mRNA expression in the liver of obese mice. Although CD36 is mainly expressed in hepatic resident macrophages, exercise training also attenuated cell surface expression of CD36 in hepatic resident macrophages. In contrast, CD36 expression in blood monocytes was not changed by exercise training (data not shown). These results suggest that exercise training may possibly improve hepatic inflammation and fibrosis by reducing CD36 expression of hepatic resident macrophages in the NASH model mice.

We have reported in our previous published paper the effects of obesity by HFF administration and exercise training (Kawanishi et al. [2012](#phy213902-bib-0013){ref-type="ref"}). HFF administration induced the gain of body mass, adipose tissue mass, liver mass, and hepatic triglyceride accumulation. Importantly, exercise training decreased liver mass and hepatic triglyceride accumulation in HFF mice (Kawanishi et al. [2012](#phy213902-bib-0013){ref-type="ref"}). Since it was shown that CD36 regulated fat uptake in liver, we investigated whether changes of CD36 expression in liver were associated with development of hepatic steatosis. Interestingly, we observed that CD36 mRNA levels in liver were correlated with the concentration of hepatic triglyceride (*r* = 0.712, *P* \< 0.01, data not shown). Therefore, the suppression of CD36 expression in liver by exercise training may play a key role in the reduction in hepatic steatosis. Importantly, we also reported that body mass and adipose tissue mass of NASH model were not affected by exercise training (Kawanishi et al. [2012](#phy213902-bib-0013){ref-type="ref"}). Therefore, our findings indicate that exercise training may directly attenuate CD36 expression in liver regardless of whether exercise results in weight loss.

PPAR‐γ and Nrf‐2 are known to be associated with the NASH development. Yamazaki et al. ([2011](#phy213902-bib-0023){ref-type="ref"}) reported that PPAR‐γ‐knockout mice showed decreased mRNA expression of CD36 and TNF‐α than wild‐type mice. Moreover, Huang et al. ([2010](#phy213902-bib-0009){ref-type="ref"}) also reported that Nrf2‐knockout mice exhibited reduced (1) hepatic triglyceride accumulation, (2) PPAR‐γ expression and (3) CD36 gene expression compared to the control mice following administration of HFF. Indeed, this study showed that exercise training both decreased CD36 expression of hepatic resident macrophages, and PPAR‐γ protein content and gene expression in the liver of obese mice. In contrast, Nrf‐2 expression in the liver was not affected by exercise training. Therefore, the exercise training‐induced reduction in CD36 expression in the liver might be regulated by the down‐regulation of PPAR‐γ. Although we observed that exercise training attenuates PPAR‐γ expression in liver of NASH model mice, the mechanisms by which exercise training affects PPAR‐γ expression remain unclear. Future studies should investigate the mechanisms through which exercise training regulates PPAR‐γ.

In addition, another possibility for the decrease in CD36 mRNA expression in the liver following exercise training may be due to a decreased infiltration of macrophages. Obese mice show greater number of macrophages in adipose tissue, and infiltrating macrophages demonstrated increased CD36 expression (Bassaganya‐Riera et al. [2009](#phy213902-bib-0001){ref-type="ref"}). On the other hand, infiltration of hepatic resident macrophages was enhanced by feeding of high‐fat diet and high‐fructose water (Karlmark et al. [2009](#phy213902-bib-0012){ref-type="ref"}; Kohli et al. [2011](#phy213902-bib-0015){ref-type="ref"}). In this study, exercise training attenuated hepatic resident CD11b^+^ and F4/80^+^ cell population in the hepatic mononuclear cells. Furthermore, F4/80 mRNA expression in the liver was decreased by exercise training. These results suggest that exercise training might possibly attenuate CD36 expression in the liver by reducing hepatic macrophage infiltration.

The limitation of this study was that the experiment did not examine the activity of transcription factor such as PPAR‐γ and Nrf2 in the hepatic resident macrophages. CD36 is regulated by intracellular nuclear receptors, but analysis for transcription factor activity of intracellular PPAR‐γ and Nrf2 was not carried out. Therefore, future study is necessary to investigate the effect of exercise training on hepatic macrophage intracellular expression of transcription factors.

Collectively, we considered that the reduction in CD36 in the liver by exercise training might be associated with suppression of PPAR‐*γ*.
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